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Reliable and stable transformation systems are now available and should be applied to insect pest management programs in the near future: for example, to control insects that heavily damage agriculture and forestry or transmit deadly diseases to animals and humans. Genetic control based on the Sterile Insect Technique (SIT) (Dyck et al. [@CR8]) uses the release of mass-reared, sterile male insects to cause infertile matings that reduce the pest population level (Knipling [@CR24]; Krafsur [@CR25]; Klassen and Curtis [@CR23]). SIT is considered as an environmental-friendly alternative to insecticides for insect species that can be mass reared in artificial settings. SIT has been successfully employed in area-wide approaches to suppress or eradicate pest insects such as the pink bollworm *Pectinophora gossypiella* in California (Henneberry [@CR20]), the tsetse fly *Glossinaausteni* in Zanzibar (Vreysen [@CR46]), the new world screwworm *Cochliomyia hominivorax* in North and Central America (Wyss [@CR51]), and several tephritid fruit fly species in various regions of the world (Klassen and Curtis [@CR23]).

At least three different types of traits can be engineered and introduced into insect strains to improve their use in the SIT (Robinson and Franz [@CR34]). First, a female-specific lethality system could allow for efficient genetic sexing and the subsequent male-only release; second, a system that causes lethality after transmission to progeny could replace the usual male sterilization by irradiation procedure; and third, marker systems could enable discrimination of released and naturally occurring insects. However, the introduction of these traits requires the heritable germ-line transformation of the target species. This is based on random integration of transgenic DNA into the genome of the target species using transposon-based vectors. Position effects and insertional mutagenesis by the introduced DNA can have several side effects like up- or down-regulation of expression of the introduced system, disrupting the gene structure of the host and a reduced fitness of the transgenic strain. In addition, since transposable elements (TE) are used for gene transfer, the systems bring along the potential risk of transgene instability for the most commonly used vectors. Here we review the most recently developed approaches that ensure post-integrational stabilization of transgenes based on broad-range transposon vectors.

The use of TEs for germ-line transformation is a common method in drosophilid and many non-drosophilid arthropods. The most promising transposons currently available for modification of insect genomes are the *hAT* family element *Hermes* originally isolated from *Musca domestica* (Warren et al. [@CR47]; Subramanian et al. [@CR42]), the *Tc1/mariner* element *Mos1* isolated from *D. mauritiana* (Medhora et al. [@CR28]), the *Tc1*/*mariner* element *Minos* isolated from *D. hydei* (Franz and Savakis [@CR10]), and the *TTAA*-specific element *piggyBac* derived from *Trichoplusia ni* (Cary et al. [@CR6]), which have been used to successfully transform different insect orders (Berghammer et al. [@CR3]; Handler and James [@CR16]; Atkinson et al. [@CR2]; Handler [@CR14]; Horn et al. [@CR22]; Pavlopoulos et al. [@CR32]).

Functional autonomous transposons typically consist of terminal sequences, including inverted repeat sequences at the ends (in addition to sub-terminal inverted repeat sequences in some elements) that surround a coding region for what is generically referred to as 'transposase'. It is the transposase that binds to the terminal sequences of the TE to catalyze the cut-and-paste process necessary for transposition (Rubin and Spradling [@CR36]). In developing the first transposon-based vector system for insects, Rubin and Spradling ([@CR36]) showed that a non-autonomous vector plasmid could be constructed having the transposon terminal sequences surrounding other genes of interest, including a transformation marker gene. If the transposase gene within the vector was deleted or disrupted, transposase could be provided *in trans* by a helper plasmid having a functional transposase gene, but lacking one or both terminal sequences, thereby preventing the genomic integration of its own. Once the helper facilitates integration of the transposon-embedded transgene in the embryonic germ-line, its loss after cell division should, generally, result in transgene stability. However, the genomic presence of the same or related transposon to that used for integrating the transgene may have influence on the transgene stability.

The presence of similar elements might have a suppressive effect on transposition, as demonstrated by *P* cytotype repression of the *DrosophilaP* element (Misra and Rio [@CR29]). In this case, transformants would be rarely created and would be of limited concern. Of more concern is the potential for transgene instability due to remobilization by a related transposon having a functional transposase (Sundararajan et al. [@CR43]). For example, studies on *hAT* elements have shown that a non-autonomous *hobo* element from *Drosophila melanogaster* can be cross-mobilized in *Musca* by the *Hermes* element, having a similar but not identical transposase (O'Brochta et al. [@CR31]). Moreover, there is evidence for cross-mobilization of related TEs in *Drosophilavirilis* (Evgen'ev et al. [@CR9]). In this species hybrid dysgenesis appears to be due to the retrotransposon *Penelope*, though expression of this element also seems to mobilize the retrotransposon element *Ulysses*, and the *Tc1/mariner*-like element *Paris*. However, the presence of related TEs does not necessarily lead to the instability of transgenic lines, since most elements are defective lacking functional transposase (Handler and McCombs [@CR17]). For some elements, particular host strains fail to support subsequent remobilization in somatic and/or germ-line cell types. For example, unlike *D. melanogaster*, in *Aedes aegypti* there was no evidence for *piggyBac* re-mobilization after functional *piggyBac* transposase was supplied (Sethuraman et al. [@CR41]). Thus far, only a limited number and type of elements have been studied in terms of potential positive and negative influences on remobilization. In laboratory "small scale" experiments, cross-mobilization is not an issue. But considering a substitution of irradiated insects for transgenic ones in large-scale field releases of mass reared insects, as used in conventional SIT programs, a major concern for these programs is the stability of transgenic insects during mass rearing maintenance and in the field (Handler [@CR15]). Small-scale experiments and predictions about these transposon-embedded transgenes are not sufficient to safeguard this technology for pest control programs. To date no large-scale experiments have been designed to address these issues---neither for transgenic agricultural pests nor in drosophilids**.**

Transgene instability can result, in different ways, in the loss of strain attributes important to the program and result in reduced effectiveness of the biocontrol program (Handler [@CR15]). The development of non-autonomous as well as remobilization-defective transposon insertions is therefore important for the safety of SIT programs when taking transgenic improvements of pest management programs from the lab to the field (Wimmer [@CR49], [@CR50]). The general concern of instability mediated by homologous elements may be addressed by their identification using low stringency Southern hybridization or PCR, (Lohe et al. [@CR26], [@CR27]; Zimowska and Handler [@CR52]; Bonizzoni et al. [@CR4]; Handler et al. [@CR19]) though cross-mobilizing elements having limited sequence similarity could be missed. Existence of such elements could be more definitively determined by highly sensitive in vivo excision or plasmid-to-plasmid transposition assays performed in host embryos, where non-autonomous transposon mobility can be determined in the absence of a provided source of transposase (Atkinson et al. [@CR1]; O'Brochta et al. [@CR31]; Sarkar et al. [@CR37]). These assays should ameliorate the major concerns for potential non-autonomous transposon mobilization by a related endogenous element (Ribeiro and Kidwell [@CR33]; Fraser et al. [@CR11]).

Transgene stabilization in *Drosophila melanogaster* {#Sec2}
====================================================

Stabilization methods for transgenes have been developed for the model organism *D. melanogaster* in three different ways (Handler et al. [@CR18]; Horn and Handler [@CR21]; Frank Götschel, Ivana Viktorinová, Ernst A. Wimmer, unpublished). First, a vector was created having duplicated 5′ terminal *piggyBac* sequences flanking a transformation marker 1 and an additional 3′ terminal repeat, which flanks, together with the internal 5′ repeat a second clearly distinguishable transformation marker 2 (Fig. [1](#Fig1){ref-type="fig"}a). This construction was integrated into *Drosophila* by *piggyBac*-mediated germline transformation. Flies expressing both markers were isolated and mated to a *piggyBac* jumpstarter line (having a chromosomal source of transposase). Progeny showing only marker 1 could be isolated and were verified as having only one 5′ terminal repeat from the vector sequence, indicating loss of the 3′ and internal 5′ terminal sequences, along with marker 2. Stability of the remaining transgene was tested by crossing the line to the *piggyBac* jumpstarter line and screening their progeny for marker 1 flies. About 3,500 flies were screened that all maintained marker 1, which supports the conclusion that the non-excised 5′pBac-marker 1 transgenic sequence was stabilized. The major advantage of this transformation system is the possibility to physically delete transposon DNA that is required for transposition following the germ-line transformation process. In this way, transposase-mediated mobilization or cross-mobilization of the genes-of-interest are excluded mechanistically. In contrast to conventional germ-line transformation technology, the system provides enhanced stability to the transgene insertion as tested in the laboratory experiments. Furthermore, most of the DNA sequences required for the modification are removed from the genome after the final experimental step. A limitation of this system might be that increasing construct size results in decreased integration frequency, thus limiting the number or size of desired transgenes (Handler et al. [@CR18]).Fig. 1Stabilization mechanisms for *D. melanogaster.* Relative positions of fluorescent markers (M1, M2, M3), the promoters (P1, P2), a gene of interest (GI), *FRT* sites (*FRT3*, *FRT*), the homing sequence *linotte* (HS), and the 5′/3′ transposable ends (*triangles*) are shown. **a** After partial remobilization via *piggyBac* transposase, stabilized flies contain only one 5′ *piggyBac* end (adapted from Handler et al. [@CR18]). **b** After RMCE via FLP and heterospecific FRTs as well as subsequent partial remobilization via *piggyBac* transposase, stabilized flies contain only one 3′ *piggyBac* end (adapted from Horn and Handler [@CR21]). **c** 5′/3′ *piggyBac* (*black triangles*) and *Hermes* (*gray triangles*) transposon ends are shown. *FRT*/FLP-induced inversion generates two immobile *Hermes*/*piggyBac*-hybrid insertions containing one *Hermes* and one *piggyBac* end. **d** All 5′ and 3′ transposable ends are *piggyBac* ends. After *FRT*/FLP-induced inversion, the two *piggyBac* insertions contain either only 5′ or only 3′ ends that makes each of them immobile. Please note: because of the genomic distance (*dashed line*) the two insertions cannot transpose together either

Second, a system was developed in *Drosophila* that could be beneficial for the applied use of transgenic organisms (once transferred to each particular species) as producers of pharmaceutically relevant proteins or as pest population control agents. To target and modify initially introduced transgenic systems further, site-specific integration sites can be introduced alongside. Site-specific systems frequently used are *FRT/*FLP, CRE/*lox,* and the *attP*-*attB/*phiC31 (Wimmer [@CR50]). The system includes the post-integration stabilization method described above, but after providing for precise cassette replacement comprising solely genes of interest (Fig. [1](#Fig1){ref-type="fig"}b; Horn and Handler [@CR21]). The method describes transgene targeting to predefined chromosomal sites in *Drosophila* by using a transposon vector that, once integrated in the germ line, acts as a recombinational acceptor site for donor vectors using the yeast-derived FLP recombinase/*FRT* recombination sites system. To make recombinational insertions irreversible, a recombinase-mediated cassette exchange (RMCE) strategy was used with heterospecific *FRT* sequences allowing double recombinations, with the use of the homing sequence *linotte* for enhanced donor-target pairing. Site-specific *FRT*/FLP recombinants were screened by interconvertible fluorescence marker phenotypes based on the recombinational exchange of the fluorescent protein coding sequence driven by a specific promoter (Fig. [1](#Fig1){ref-type="fig"}b; P2), which yielded in targeted insertions at a frequency of about 23%. The RMCE system provides for repetitive integrations into the same locus, allowing comparative analysis of true transgenic alleles. In addition, this method was used to stabilize a targeted transgene by the post-integration excision of putatively mobile *piggyBac* transposon sequences as described above (Handler et al. [@CR18]).

Third, re-arrangeable gene transfer systems have been developed by also making use of the *FRT*/FLP system (Frank Götschel, Ivana Viktorinová, Ernst A. Wimmer, unpublished), but for intra-chromosomal recombinations that were previously shown possible in *Drosophila* (Golic and Golic [@CR13]). *Hermes* and *piggyBac* transposon vectors that carry single *FRT* sites were inserted independently into a genome. The two vectors contained distinguishable fluorescent protein-based transformation markers driven by different promoters, with the *FRT*s placed in the 5′UTR between the respective promoters and the ORF of the markers (Fig. [1](#Fig1){ref-type="fig"}c, d). The insertion sites of these transgene constructions were characterized and suitable lines were recombined to produce individuals with both vectors linked on the same chromosome, having their *FRT* sites in opposite orientation (Fig. [1](#Fig1){ref-type="fig"}c, d). After FLP-mediated recombination between two independent *FRT* sites in inverse orientation on the same chromosome, inversions were generated that could be detected by the fluorescent marker switch due to promoter exchange. The inversion in this case destroys the regular alignment of both the *piggyBac* as well as the *Hermes* terminal inverted repeats and the rearranged *piggyBac/Hermes* hybrid transgenic DNA resulted in non-remobilizable transgene insertions with respect to the presence of both corresponding transposases (Fig. [1](#Fig1){ref-type="fig"}c). Such inversions can also be generated by using only one type of TEs. By using vectors with different markers having the inserted *FRTs* in opposite orientation relative to the transposon terminal sequences, recombination-induced inversions generated transgenic DNA insertions with either two 3′ or two 5′ ends that are each refractory to transposase-mediated remobilization and because of the genomic distance of the insertion sites cannot be deleted or transposed together (Fig. [1](#Fig1){ref-type="fig"}d). For every line, transgene stability was tested and verified by screening 3,000--4,000 flies.

These genomic targeting and stabilization strategies described for *Drosophila* should be applicable to other insects, specifically for the goals of optimizing heterologous protein expression and enhancing the ecological safety of transgenic strains intended for release in biocontrol programs such as SIT programs for the Mediterranean fruit fly and other pest species.

Transgene stabilization in *Ceratitis capitata* {#Sec3}
===============================================

Transgene stabilization for the Mediterranean fruit fly (medfly), *Ceratitis capitata*, has been achieved by a similar method to the one described by Handler et al. ([@CR18]). The primary method of deleting transposable ends has been maintained, but instead of deleting one *piggyBac* end, Dafa'alla et al. ([@CR7]) created a system which deletes both 5′ and 3′ ends (Fig. [2](#Fig2){ref-type="fig"}a). The initial transformation was performed with a plasmid carrying two pairs of 5′/3′ terminal inverted *piggyBac* sequences, with independent fluorescent markers within each pair (M1 and M3, respectively; Fig. [2](#Fig2){ref-type="fig"}a). In addition these two pairs flank a central region carrying another fluorescent marker (M2). After integration of all four terminal repeats by germ-line transformation (presumably using the external 5′ and 3′ termini) as verified by expression of the three fluorescent transformation markers, the pairs of inverted terminal repeats were remobilized by re-exposure to transposase. After a maximum of three rounds of re-exposure, both pairs were deleted, leaving only the central region with its marker M2, with none of transposon terminal repeat sequences remaining. In terms of applicability to medfly genomics this system is subject to the same limitations as the simpler stabilization method of Handler et al. ([@CR18]). Since the initially integrated constructs require additional *piggyBac* ends and additional fluorescent markers together with their promoters, this increased construct size is likely to lead to a decreased integration frequency. As an advantage the group reported that no terminal repeat is left in the genome. This system has already been used to generate a transgenic medfly sexing strain (Morrison et al. [@CR30]), though stability tests for this system have yet to be reported.Fig. 2Stabilization mechanisms for *C. capitata.* Relative positions of fluorescent markers (M1, M2, M3) and their promoters (all P1), the gene of interest (GI), attachment sites for site-specific integration (*attP, attB, attR, attL*), and 5′/3′ *piggyBac* ends are shown. **a** After remobilization via *piggyBac* transposase, flies are *piggyBac*-end free (adapted from Dafa'alla et al. [@CR7]). **b** After site-specific recombination via *phiC31* integrase and subsequent partial remobilization via *piggyBac* transposase, stabilized flies contain a transgene construct with only one 3′ *piggyBac* end (adapted from Schetelig et al. [@CR39])

In addition to the described systems, transgene stability combined with targeting by site-specific recombination was developed for medfly by Schetelig et al. ([@CR39]), who described an efficient method for the modification of previously inserted transgenes by the use of the site-specific integration system from phage *phiC31*. First, suitable transgenic strains with randomly integrated *attP* landing sites embedded in transposon-inserted transgenic DNA were identified by molecular and functional characterization. These strains contained a construct with one 5′ and one 3′ *piggyBac* terminal repeat flanking a fluorescent marker (M1) and an *attP* landing site for site-specific recombination (Fig. [2](#Fig2){ref-type="fig"}b). Second, donor plasmids containing an *attB* site, an additional marker (M2), and an additional 3′ transposon end were integrated into the *attP* site by *phiC31* integrase-mediated recombination (Fig. [2](#Fig2){ref-type="fig"}b). This created strains with one 5′and two tandem 3′ terminal repeats along both markers M1 and M2 (Fig. [2](#Fig2){ref-type="fig"}b). Transposase-encoding 'jumpstarter' strains were created and mated to these transgenic strains resulting in the post-integrational excision of transposon ends, which left stably integrated transgene insertions that were identified by the presence of M1 only and could not be further remobilized. This was tested by large-scale laboratory stability tests of about 35,000 flies for two independent strains, where no remobilization events were detected indicating stability. As a control, their respective original versions were also crossed to the jumpstarter strains, resulting in remobilizations and excisions. This three-step integration and stabilization system should allow the combination of several transgene-encoded advantageous traits at evaluated genomic positions in medfly to generate optimized strains for population control, with transgene stabilization minimizing environmental concerns. Advantages of this system are that once a random insertion into a specific genomic locus has been identified as particularly useful with respect to transgene expression, the ability to make the insertion homozygous, and the lack of fitness costs, it can be used for further modifications by site-specific integration. In particular, the *attP* system has been proven to integrate DNA up to 140 kb in a one-way fashion (Venken et al. [@CR44], [@CR45]). This could increase the integration efficiency of large constructs.

Discussion {#Sec4}
==========

The successful application of site-specific recombination technologies should confer great flexibility to insect transgenesis strategies. RMCE makes possible the targeted integration of DNA cassettes into a specific genomic DNA locus, enabling the combination of different transgenic systems in agricultural pest species. These positions are pre-defined by the integration of the RMCE acceptor plasmid and can be characterized prior to a targeting experiment. Using site-specific systems, researchers should be able to create transposon-free cassette exchange systems for replacement of original transgenes with any desired transgenic construct and to more efficiently combine different systems. Different transgenes can be placed precisely at the same genomic locus, eliminating genomic positional effects and to comparatively study the biological effects of different transgenes. This should greatly facilitate the detailed study of insect pest regulatory elements such as enhancers, silencers, and insulators or the function of insect pest protein variants by the use of expression systems (Wimmer [@CR50]). It will also enable the creation of transgenic strains carrying diverse transgenes in tandem, which will be co-inherited by their progeny. For example, a combination of a conditional embryonic lethality (Schetelig et al. [@CR38]), a sperm marking (Scolari et al. [@CR40]), and a sexing system (Caceres [@CR5]; Fu et al. [@CR12]) could be put into effect in medfly with already existing and evaluated strains.

However, the different systems available to integrate, exchange, or mobilize DNA differ in their ability to handle large DNA fragments. Transposition efficiency using transposons often decreases when reaching a construct size of 18--25 kb. So using solely transposons for inserting large DNA systems might not be feasible. Instead, reliable and well-documented transposons can be used to integrate the landing sites for site-specific recombination systems, which enable the exchange and integration of larger DNA fragments (Venken et al. [@CR45]). Deleting transposon ends will then further increase the stability of such strains. Having all these systems in one genomic position, proven to be non-compromising and effective, should improve application processes including sterilization, sexing, and monitoring of ongoing SIT programs. We would expect that the generated stabilized lines show the same fitness as their non-stabilized predecessors, since the immobilization procedure only removes part of the transposon construct that did not exist in the wild type host. Nevertheless, the fitness of stabilized lines should be verified by large-scale field cage competition assays before an eventual field application.

Transgenic technology relying on transposon-based vectors has proven to be a powerful tool for the genetic manipulation of insect genomes, which can be tested and applied to the improvement of current environment-friendly pest control methods (Wimmer [@CR48]). However, a fundamental requirement for a safe release of genetically modified insects into the wild is the development of systems inert to any potential mobilizing transposase source present in the environment. Therefore the development of non-autonomous transposons whose ends can be deleted or rearranged post-integration to cause effective immobilization of the inserted transgene is essential to ultimately taking transgenic improvements of pest management programs from the lab to the field (Wimmer [@CR49], [@CR50]). The development of such systems for medfly as a major pest species has been achieved (Dafa'alla et al. [@CR7]; Schetelig et al. [@CR39]) and large-scale laboratory stability tests have proven that these modified insertions are inert to the presence of the *piggyBac* transposase (Schetelig et al. [@CR39]). This represents an important step forward towards the safe field use of transgenic insects.

For the initial evaluations of the environmental impact of transgenic insects, SIT programs, with their high quality control during sterile insect production, should minimize any potential ecological concerns for the release of transgenic insects (Robinson and Franz [@CR34]; Robinson and Hendrichs [@CR35]). The sterility of the released insects will serve as a biological safety mechanism that impedes vertical transmission of the transgenes, which will be eliminated from the ecosystem concurrent with cessation of the SIT program.
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